A fundamental question about human memory is why some experiences are remembered whereas others are forgotten. Brain activation during word encoding was measured using blocked and event-related functional magnetic resonance imaging to examine how neural activation differs for subsequently remembered and subsequently forgotten experiences. Results revealed that the ability to later remember a verbal experience is predicted by the magnitude of activation in left prefrontal and temporal cortices during that experience. These findings provide direct evidence that left prefrontal and temporal regions jointly promote memory formation for verbalizable events.
A fundamental question about human memory is why some experiences are remembered whereas others are forgotten. Brain activation during word encoding was measured using blocked and event-related functional magnetic resonance imaging to examine how neural activation differs for subsequently remembered and subsequently forgotten experiences. Results revealed that the ability to later remember a verbal experience is predicted by the magnitude of activation in left prefrontal and temporal cortices during that experience. These findings provide direct evidence that left prefrontal and temporal regions jointly promote memory formation for verbalizable events.
Memory encoding refers to the processes by which an experience is transformed into an enduring memory trace. Psychological studies have shown that the memorability of an experience is influenced greatly by the cognitive operations engaged during initial encoding of that experience, with semantic processing leading to superior memorability relative to nonsemantic processing (1) . Functional neuroimaging studies have implicated left prefrontal cortex in verbal encoding: left prefrontal activation is greater during semantic relative to nonsemantic encoding (2) , and left prefrontal participation decreases and memorization is impaired when semantic encoding operations are disrupted (3) . These studies have all relied on blocked experimental designs, where trials from each encoding condition are presented sequentially, inseparable from each other during the functional scan. While blocked designs allow comparison between encoding conditions that yield, on average, higher or lower levels of subsequent recollection, they do not allow a direct trial-by-trial comparison between specific encoding trials that lead to subsequent remembering and those that lead to subsequent forgetting. Results from event-related potential (ERP) studies, which allow for trial-by-trial analysis, suggest that the neural signature during verbal encoding differs for subsequently remembered and subsequently forgotten experiences, with remembered experiences being associated with a greater positive-going response over frontal and parietal regions (4) . However, ERP studies are characterized by limited spatial resolution. Thus, the precise functional neuroanatomic encoding differences that predict whether a particular verbal experience will be remembered or forgotten are currently unknown.
A second unanswered question concerns the exact roles of medial temporal structures in memory encoding. Lesion studies in humans and other species indicate that medial temporal regions are essential for the processing of experiences such that they can be remembered at a later time (5) . However, modulated medial temporal activation has been notably absent in neuroimaging studies that systematically varied the nature of cognitive operations engaged during encoding (2) . Rather, parahippocampal gyrus, a subcomponent of the medial temporal memory system, has been indirectly implicated in memory encoding because parahippocampal activation is greater during the processing of novel stimuli relative to familiar stimuli (6 ) . These results raise the possibility that parahippocampal contributions to encoding may be restricted to novelty detection processes.
To address these issues, the neural correlates of incidental word encoding were examined in two whole-brain functional magnetic resonance imaging (fMRI) studies. One ex- (E: left Ϫ31, 19, 12, and Ϫ40, 25, 3; right 34, 19, 6; BA 47) , left middle temporal gyrus (F: Ϫ59, Ϫ43, 3; BA 21), bilateral visual cortex (G: BA 17/18/19), parahippocampal gyrus near fusiform gyrus (H: Ϫ31, Ϫ43, Ϫ18; BA 36/37/35), and fusiform gyrus (I: Ϫ37, Ϫ58, Ϫ15; BA 37). Other regions included the hippocampus (Ϫ37, Ϫ15, Ϫ15), supplementary motor area (0, 6, 62; BA 6) , medial superior frontal gyrus (Ϫ3, 6, 50; BA 6) , and right lateral cerebellum. (B) Regions demonstrating greater activation during semantic relative to nonsemantic processing included left frontal (A: Ϫ43, 9, 34 and Ϫ43, 13, 28; D: Ϫ40, 22, 21 and Ϫ40, 31, 12; E: Ϫ28, 22, 6) , parahippocampal (H: Ϫ34, Ϫ40, Ϫ12), and fusiform (I: Ϫ43, Ϫ58, Ϫ9) cortices. (C) In the event-related study, comparison of word processing trials to fixation trials revealed many of the same regions noted in the blocked-design experiment. Complete listings of stereotaxic coordinates are available from the author upon request. periment used blocked-design procedures to investigate how systematic manipulation of the encoding task affects prefrontal and medial temporal activation, whereas the other used newly developed event-related procedures (7) that allow direct comparison between specific encoding trials that result in subsequent remembering and forgetting. In the blocked-design experiment, activation during performance of a semantic processing task (deciding if a word is abstract or concrete) was compared to that during a nonsemantic processing task (deciding if a word is printed in upper-or lowercase letters). Twelve normal, right-handed subjects were scanned while performing alternating taskblocks consisting of semantic processing, nonsemantic processing, and visual fixation (8, 9) . The novelty of the words in the semantic and nonsemantic blocks was equivalent. Behaviorally, reaction times (RTs) were longer for semantic (873 ms) relative to nonsemantic (539 ms) decisions. Subsequent memory was superior following semantic (85% recognized) than following nonsemantic (47% recognized) processing (10).
Many brain regions demonstrated significantly greater activation during word processing relative to visual fixation ( Fig. 1 ) (11). These activations likely reflect processes associated with memory encoding and also more general processes associated with stimulus perception and response generation. To identify regions that demonstrate differential activation during encoding conditions that yield higher relative to lower subsequent memory, we directly compared the semantic and nonsemantic processing conditions. Regions demonstrating greater activation during semantic processing included several areas in left prefrontal cortex, as well as left parahippocampal and fusiform gyri (Fig. 1) . Although these results indicate that temporal and prefrontal processes influence the encoding of verbal experiences, they do not directly specify the encoding differences that predict whether a specific experience will be later remembered or forgotten.
In a second experiment, event-related f MRI was used while participants performed a single incidental encoding task. The objective was to determine whether trial-by-trial differences in encoding activation predict subsequent memory for experiences even when the processing task was held constant. Thirteen normal, right-handed subjects underwent six fMRI scans, each consisting of word and fixation events presented in a continuous series of 120 rapidly intermixed trials (12). During word trials, subjects made a semantic decision ("abstract or concrete?"). Following the encoding scans, memory for the words was assessed by a recognition test. Subjects indicated whether they recognized each test word as studied, reporting their confidence (high or low) when they recognized Fig. 2 . Statistical activation maps encompassing frontal regions that demonstrate a greater response during the encoding of words later remembered (high confidence hit trials) relative to words later forgotten (miss trials). Displayed at the left are transverse and coronal sections through the activation foci for the event-related data averaged across subjects. Greater activation was noted in the posterior and dorsal extent of left inferior frontal gyrus (LIFG) bordering precentral gyrus (A: Ϫ50, 9, 34; BA 44/6), the anterior and ventral extent of LIFG (B: Ϫ50, 25, 12; BA 45/47), and the left frontal operculum (C: Ϫ31, 22, 6; BA 47). Time courses were derived for each condition within a three-dimensional region surrounding the peak voxel and reflect raw mean signal changes. Regions were defined, using an automated algorithm that identified all contiguous voxels within 12 mm of the peak that reached the significance level. Fig. 3 . Activation maps and the corresponding time courses from temporal regions are shown for the trial comparison of remembered (greater response) to forgotten (lesser response) words. Temporal foci included a region (Ϫ31, Ϫ46, Ϫ12) that encompassed parahippocampal gyrus (A: BA 36/ 37/35) and the more medial extent of fusiform gyrus (B: BA 37), and a region that encompassed the lateral extent of fusiform gyrus and portions of inferior temporal gyrus (C: Ϫ43, Ϫ55, Ϫ9; BA 37). Other regions, including visual (L., left) and motor (R., right) cortices, did not show modulated activation across remembered and forgotten trials. the word (13). Behavioral results indicated that subjects discriminated between previously studied and unstudied words when responding with high confidence, but not when responding with low confidence (14, 15) .
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The f MRI data were analyzed by categorizing encoding trials based on whether the word was subsequently remembered or forgotten on the postscan memory test. There were four trial types: high confidence hits, low confidence hits, misses, and fixation. Word processing relative to fixation resulted in greater activation in many brain regions, replicating most of the regions noted in the blocked-design study (Fig. 1) . Importantly, the event-related design also permitted identification of regions that demonstrate differential activation during the encoding of words subsequently remembered and those subsequently forgotten. When comparing high confidence hits to misses, greater activation was noted in multiple left prefrontal regions ( Fig. 2) and left parahippocampal and fusiform gyri (Fig. 3) (16, 17) . This pattern was independently present and significant for these regions when comparing high confidence hits to misses within each of the word types (abstract or concrete). The subsequent memory effect was rather specific: other regions active during word processing relative to fixation failed to demonstrate greater activation during high confidence hits relative to misses (Fig. 3) .
Our results specify how the neural signature during encoding differs for events subsequently remembered and events subsequently forgotten. When task demands were held constant across trials, similar regions were engaged during the encoding of both remembered and forgotten words. However, the magnitude of activation differed across remembered and forgotten experiences in anatomically specific brain regions. These effects cannot be attributed to differences in performance accuracy during encoding because accuracy was comparable for high confidence hits and misses. One possible interpretation is that the present modulations reflect time-on-task or duty-cycle effects (18), such that subsequently remembered experiences are those that merely happened to be processed for a longer duration during learning. To examine the possible contribution of time-on-task, the event-related data were reanalyzed after matching the encoding RTs for high confidence hit and miss trials. Even when RTs were matched, left prefrontal and temporal regions still demonstrated significantly greater activation during the encoding of items subsequently remembered than during the encoding of items forgotten (19).
Our studies, together with previous results (2) , suggest that what makes a verbal experience memorable partially depends on the extent to which left prefrontal and medial temporal regions are engaged during the experience. Although modulated parahippocampal activation has not been noted in many studies, our experiments demonstrate that left parahippocampal gyrus is more active during the encoding of verbal experiences that are later remembered relative to those later forgotten, even though these two classes of experiences were equally novel within the context of the experiment [see also (20) ]. These results indicate that, although medial temporal regions are sensitive to stimulus novelty (21) , the role of parahippocampal gyrus in memory encoding extends beyond novelty detection and encompasses more general encoding mechanisms. Parahippocampal gyrus is the principal neocortical input pathway to the hippocampal region (22) , and thus it is suitably situated to play an important role in memory formation.
Parahippocampal and prefrontal regions may act interdependently to promote the encoding of event attributes important for conscious remembrance. Verbal experiences may be more memorable when semantic and phonological attributes of the experience are extensively processed via participation of left prefrontal regions (2, 23) . Left prefrontal regions may serve to organize these attributes in working memory, with this information serving as input to parahippocampal gyrus and the medial temporal memory system (24) . A specific experience may elicit the recruitment of these processes to a greater or lesser extent because of variable task demands, shifts in subjects' strategies, characteristics of target items, or attentional modulations. Regardless of the source of this variability, greater recruitment of left prefrontal and temporal processes will tend to produce more memorable verbal experiences. functional images sensitive to blood-oxygen leveldependent contrast (118 sequential whole-brain acquisitions, 16 slices each, 3.125-mm in-plane resolution, 7-mm thickness, skip 1 mm; T 2 *-weighted asymmetric spin-echo sequence: TR ϭ 2 s, TE ϭ 50 ms, 180°offset ϭ -25 ms). 9. During each of four scans, blocks were ordered: nonsemantic (40 s), fixation (24 s), semantic (40 s), fixation, nonsemantic, fixation, semantic. A brief (8 s) fixation block began each scan. During semantic and nonsemantic blocks, 20 words were visually presented: 10 abstract and 10 concrete nouns; half in uppercase and half in lowercase letters. Each word was presented for 1 s followed by 1 s of fixation between words. Subjects responded by left-handed key press. During fixation blocks, a cross-hair ("ϩ") was presented for the entire duration. 10. Alpha was set to P Ͻ 0.05 for all behavioral analyses.
Response latencies differed across tasks [F(1,11) ϭ 89.97]. Memory was assessed in the scanner 20 to 40 m later, using a yes-no recognition procedure (8) . Subsequent memory differed across tasks [F(1,11) ϭ 69.50]. 11. Functional runs were averaged within each subject, transformed into stereotaxic atlas space, and averaged across subjects (8) . Activation maps were constructed using a nonparametric Kolmogorov-Smirnov statistic to compare (i) word processing (semantic and nonsemantic) to fixation and (ii) semantic to nonsemantic processing. Peak activations were identified by selecting local statistical activation maxima that were P Ͻ 0.001 within clusters of five contiguous significant voxels. These criteria minimize false positives, as verified using the logic of control functional runs [E. Zarahn, G. K. Aguirre, M. D'Esposito, Neuroimage 5, 179 (1997)]. 12. Subjects were six men and seven women (aged 18 to 35 years). Three additional subjects were excluded because of excessively poor performance. Imaging procedures were similar to experiment one with the exception that imaging was performed using an echo planar T 2 *-weighted gradient echo sequence (3.0-T, 128 images, TR ϭ 2 s, TE ϭ 30 ms, flip angle ϭ 90°). During each scan, 40 abstract word trials, 40 concrete word trials, and 40 fixation trials were rapidly intermixed, with each trial lasting 2 s. For fixation trials, the fixation point remained on the screen for the entire 2 s. For word trials, the word was presented for 750 ms followed by 1250 ms of fixation. Abstract, concrete, and fixation trials were pseudo-randomly intermixed with counterbalancing (each trial type followed every other trial type equally often). 13. Approximately 20 min later, subjects were administered a memory test consisting of 480 studied and 480 unstudied words. Words were presented individually with self-paced timing. Subjects responded "high confidence studied," "low confidence studied," or "new." 14. An Item Type ϫ Response interaction [F(1,12) ϭ 22.97] revealed that studied items were endorsed as "high confidence studied" more frequently than were unstudied items [52% and 7%, respectively; F (1, 12) ϭ 57.04], whereas studied and unstudied items were similarly endorsed as "low confidence studied" [24% and 20%; (F Ͻ 1.0)]. The low confidence response class likely reflects subject guessing and does not differentiate between encountered and novel stimuli. 15. Encoding task performance was analyzed based on whether the words were subsequently remembered with high confidence ("high confidence hits"), low confidence ("low confidence hits"), or were forgotten ("misses"). Accuracy during encoding was comparable for high confidence hits (88% correct), low confidence hits (88% correct), and misses (89% correct) (F Ͻ 1.0). Semantic decision RTs declined across trial types [F(2,24) (7) . Statistical activation maps were constructed based on the differences between trial types using a t-statistic (7) . Fixation trial events were subtracted from the word trial events (collapsing across subsequent memory). Miss trial events and high confidence hit events were subtracted from each other, as were those for miss trial events and low confidence hit events. Clusters of five or more voxels exceeding a statistical threshold of P Ͻ 0.001 were considered significant foci of activation (7). 17. In addition, modest but significantly greater activation for high confidence hits relative to misses was noted in a more ventral extent of left inferior frontal gyrus [Brodmann's area (BA) 47: Ϫ34, 31, Ϫ3], left precentral gyrus (BA 6: Ϫ31, 0, 56), medial superior frontal gyrus (BA 8: Ϫ3, 28, 43) , and left superior occipital gyrus (BA 19: Ϫ31, Ϫ77, 34) . The superior occipital and medial superior frontal activations can be seen in Fig. 2 . Two regions demonstrated less activation for high confidence hits relative to misses: precuneus (BA 31: 3, Ϫ43, 40) and left middle frontal gyrus (BA 9: Ϫ12, 31, 34) . No regions demonstrated greater activation for low confidence hits relative to misses, which is in accord with the behavioral data indicating that these two trial types likely did not mnemonically differ. 18. M. D'Esposito et al., Neuroimage 6, 113 (1997) . A similar interpretation may be applicable to the results from the blocked-design experiment. However, greater left prefrontal activation during semantic processing has been noted even when the nonsemantic processing task has a longer duty cycle [ J. B. Demb et al., J. Neurosci. 15, 5870 (1995) ]. 19. RTs were matched as follows. First, the median RT across all trial types was determined for each subject. Trials with response latencies that fell below the median RT were selected and sorted based on subsequent memory. Selection of trials in this manner resulted in matched RTs for the high confidence hit (852 ms) and miss (839 ms) trial types [F(1,12) ϭ 2.32, P Ͼ 0.15)].
